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Superconducting qubits are widely used in
quantum computing research and industry. We
describe a superconducting kinetic inductance
qubit (and introduce the term Kineticon to de-
scribe it) operating at W-band frequencies with
a nonlinear nanowire section that provides the
anharmonicity required for two distinct quan-
tum energy states. Operating the qubits at
higher frequencies may relax the dilution re-
frigerator temperature requirements for these











large number of qubits. Millimeter-wave oper-
ation requires superconductors with relatively
high Tc, which implies high gap frequency,
2∆/h, beyond which photons break Cooper
pairs. For example, NbTiN with Tc = 15 K has
a gap frequency near 1.4 THz, which is much
higher than that of aluminum (90 GHz), al-
lowing for operation throughout the millimeter-
wave band. Here we describe a design and sim-
ulation of a W-band Kineticon qubit embedded
in a 3-D cavity. We perform classical electro-
magnetic calculations of the resulting field dis-
tributions.
Superconducting qubits are one of the leading plat-
forms for building quantum computers. Recently,
quantum supremacy, in which a quantum computer
performs a computation which is infeasible on a clas-
sical computer, was demonstrated using 53 supercon-
ducting qubits [1]. Several companies and academic
institutions (IBM, Rigetti, QuTech, and Amazon) of-
fer cloud quantum computing services based on su-

























erating in the 4-10 GHz band utilize Josephson junc-
tions formed by an aluminum oxide layer between
aluminum contacts. Scaling up these early quantum
computers to the thousands or millions of physical
qubits needed to realize quantum error correction [2]
faces several major hurdles including limited coher-
ence (10-100 T ∗2 is typical), lack of room temperature
interconnects, and the large physical size of supercon-
ducting qubits (typical qubits have 0.1-1 mm lateral
dimensions). The standard aluminum or niobium
Josephson tunnel junction is becoming a bottleneck
to increasing qubit coherence and yield requirements:
Spurious two level systems (TLS) cause decoherence
[3, 4, 5], imprecision in qubit frequencies reduces yield
for fixed frequency qubit architectures [6], and quasi-
partlces cause charge parity fluctuations and heating
[7]. Superconducting kinetic inductance qubits oper-
ating in the W-band (75-110 GHz) have the potential
to lift these bottlenecks. The nonlinear inductance of
superconducting nanowires has been used in designs
and experiments involving cavity-based parametric
amplifiers [8, 9] and qubits [10, 11, 12] in the sub-
10 GHz regime and as a parametric amplifier in the
W-band [13], but thus far, a viable superconducting
qubit has not been demonstrated in the W-band.
In particular, exploration of high-frequency qubits
is encouraged because they have the potential to
solve current problems with state-of-the-art trans-
mon qubits. In order to achieve the highest coher-
ence times, IBM uses fixed-frequency transmons and
an all-microwave operation to entangle pairs of qubits
together (the cross resonance gate). However, the
speed and performance of the cross resonance gate
depends heavily on the exact frequency allocation be-
tween the qubits [6] and spectator qubits [14]. Fabri-
cating the nonlinear inductive part of the qubit from
well-defined lithographic processes of non-linear ki-
netic superconductors instead of amorphous growth
of an aluminum oxide layer in the Josephson junction
could allow repeatable frequency allocation between
qubits. Also operating at a higher frequency offers
the ability to scale the systems down in size as we
look to scale to ever larger numbers of qubits.
Construction of a quantum computer implement-
ing error correction imposes constraints on size,
operating frequency, and operating temperature.
The computer will require at least thousands of
physical qubits, a scale at which the physical size
of the circuits residing at milliKelvin temperatures
becomes a limitation. This is particularly true for
qubits coupled to 3D microwave cavities, but also
holds for 2D circuits. An interesting possibility is
to scale the circuits to a much higher frequency.
Millimeter-wave operation requires superconductors
with relatively high Tc, which implies high gap
frequency, 2∆/h, beyond which photons break
Cooper pairs. For example NbTiN with Tc ≈ 15 K
[15] has a gap frequency near 1.4 THz, much higher
than that of aluminum (90 GHz), allowing for
operation throughout the millimeter-wave band.
We introduce the new term Kineticon to refer to
qubits that take advantage of the nonlinear response
of superconducting wires as opposed to relying on
Josephson junctions.
In this section, we quantize the Kineticon system
following closely the standard treatment for quantiz-
ing electrical circuits[16, 17].
A Kineticon qubit is very similar to an LC
resonator circuit, save for the inductive part of the
circuit, which is non-linear. A simple Kineticon
qubit circuit can be imagined as in Fig 1, with one
active node and no current bias. Defining a branch
flux at this node, the kinetic inductance of the
nanowire in the weak anharmonic limit, Φ ≈ L0kI








where L0k is the kinetic inductance with zero bias
and Φ∗ ≡ I∗L0k where I∗ is a characteristic current
parameter of the nonlinearity.
The energy stored in the capacitor and the non-







where vb and ib are the voltage and current of the




Figure 1: Circuit diagram of an ideal superconduct-















where we define Ek =
Φ2∗
2L0k
. The Lagrangian is given
by












Now using Legendre transformation H = Φ̇Q−L we













We can quantize the circuit by replacing Q and
Φ with their quantum operators that satisfy the
following commutation relation
[Q,Φ] = −i~. (7)
The Hamiltonian operator now can be written as











In the second quantization language, we can define
























The reduced charge and flux operators in terms of




























as zero-point fluctuations of flux and
charge respectively.
























Addressing individual states in a qubit requires a
large relative anharmonicity, α = |E10 − E21|/E10,
where E10 is the transition energy from the ground
state to the first-excited state and E21 is the tran-
sition energy from first-excited state to the second-
excited state. Here, we derive this expression for the
Kineticon qubit, and discuss the implications of this
requirement.
Increasing both the qubit and readout resonator
frequency to W-band (∼ 100 GHz) could allow for
operation of the quantum processor at a higher
temperature. While the 90 GHz gap frequency of
aluminum represents a barrier for conventional qubit
technologies, it may be possible to realize a qubit
with a transition frequency in the millimeter band
that uses nonlinear kinetic inductance to provide the
required anharmonicity. For a Kineticon qubit the
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2L is the zero-point fluctuation
current and I∗ is the characteristic current of the
nanowire. The factor 3 comes from energy eigen-
value calculations for a nanowire in the weak anhar-
monic limit. For a Kineticon qubit with fr = 100
GHz, we can plot the relative anharmonicity as func-
tions of total inductance of the nanowire L and the
characteristic current I∗. As we can see from Fig.2,
lowering both total inductance L and the character-
istic current I∗ increases the relative anharmonicity.
To improve the anharmonicity of a Kineticon qubit,
it is possible to control J∗ and Ls of the nanowire
during the fabrication process [19, 20] in addition to
changing its dimensions.
We can express I∗ of the nanowire in terms
of the material parameters using Mattis-Bardeen
Theory[21] and following [22] as





where w and t are the width and thickness of the
nanowire respectively and ρn is the normal state re-
sistivity of the thin film. Using Ls = ~Rs/π∆, we
can express the relative anharmonicity in terms of
the volume, V , of the nanowire:
α ≈ 3 hfr
2N(0)∆2V
, (16)
where fr is the resonator frequency, N(0) is the den-
sity of states at the Fermi level, and ∆ is the gap
parameter. Here we assume the resonator induc-
tance is dominated by that of the nanowire. The
denominator in this expression is the superconduct-
ing condensation energy, which may also be expressed
in terms of the critical field. Using N(0) = 8.7 ×
109eV−1µm−3[23] and ∆ = 0.5meV for a thin TiN
film (Tc = 4.5 K and gap frequency of fgap ≈ 265
GHz), N(0) = 2×1010 eV −1µm−3 and ∆ = 1.1 meV
[24, 25] for a NbN thin film, and setting a nanowire
thickness to 5 nm and the length and width to be
equal, the anharmonicity is shown in Fig. 2.
While an absolute anharmonicity comparable to
a transmon (∼ 200 MHz) may be achieved with
dimensions that are more or less straightforward
to produce, the question is whether TLS or other
loss mechanisms will contribute a loss tangent of
(∼ 10−6) for this type of qubit, as they do for current
state-of-the-art microwave qubits. In that case, to
maintain the ratio of decay time to read time the
anharmonicity would need to be increased accord-
ingly, requiring increased length or decreased width,
so the fabrication becomes more challenging. We
need to investigate non-linearity in resonators with
embedded nanowires in order to better understand
the design requirements.
Apart from the possibility of high frequency oper-
ation, an advantage of circuits made from relatively
high Tc materials is that they can be less affected by
quasiparticles:
• The thermal quasiparticle density goes as
e−2∆/T .
• The mean number of non-thermal quasiparticles
produced by absorption of a phonon of a given
energy is ξhν/∆, where ν is the phonon fre-
quency and ξ is a material dependent parameter
(around 0.5 for most materials).
• Quasiparticles that are created through leakage
of radiation into the cryogenic environment re-
combine at a rate that scales as T−3c [26].
In addition to lower quasiparticle loss, the nitride
superconductors that we will study may be affected
less by loss and decoherence associated with two
level systems. It is known, for example, that TiN
and NbTiN have high quality surfaces and form
more stable and thinner oxide layers [27], unlike
elemental superconductors such as Al, Nb and Ta.
TiN in particular is a hard material and is used as
a coating on machine tools, drill bits, etc. Groups
working on kinetic inductance detectors have found
that fabricating the non-photoresponsive parts of
the detectors out of NbTiN leads to lower TLS
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Figure 2: Left: Contour plot of the relative anharmonicity of a nanowire qubit as a function of total induc-
tance L and the characteristic current I∗. Right: Anharmonicity versus nanowire dimension for a 100 GHz
resonator with an inductance dominated by an embedded TiN and NbN nanowire. The anharmonicity
increases with decreasing nanowire dimensions, and is larger for TiN than NbN.
noise [28, 29]. Recent results on transmon qubits
using Ta electrodes have shown an improvement
over state-of-the-art coherence times [30], which
was associated with the favorable properties of the
tantalum oxide surface, so it is interesting to ask
whether the metal nitride superconductors, and
other potential materials for Kineticons, will provide
further improvement.
In this section, we present designs corresponding
to two stages of development of the Kineticon qubit.
The first design is based on thin film technology and
is most appropriate for early-stage investigations
while the second design is a more complete three-
dimensional design in which the qubit is coupled
to a readout cavity and is more appropriate for
later-stage work.
To investigate the anharmonicity in different ma-
terials and structures, we have designed a nanowire
with different dimensions embedded in a thin-film
Fabry-Perot resonator. The nanowire is placed in
the middle of the resonator where the current has
an anti-node at the fundamental frequency f0 (λ/2)
as shown in Fig.3. Since the inductance of the
resonator is dominated by the kinetic inductance of
the nanowire, any change in the kinetic inductance
caused by adjusting the readout power shifts the
resonant frequency. Putting the nanowire in the
above mentioned configuration helps us to measure
the frequency shift due to very small number of
photons in the resonator. For such a qubit we require
the frequency shift δf to be larger than number of
photons n times the bandwidth B, δf > nB/2π [31].
To put a W-band tone into the resonator we
designed a single mode rectangular waveguide to
CPW transition and capacitively couple the signal
to the resonator. We use am commercially available
electromagnetic simulator Ansys Electronics Suite
(HFSS) [32] to simulate and optimize the coupling
efficiency of the transition[33].We expect a coupling
efficiency of 70 percent or better at 100 GHz.
Eventually, this technology will require coupling
to other qubits, which can be achieved by embedding
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the qubit in a three-dimensional cavity. That cav-
ity also could reduce the influence of defects in the
thin-film system by increasing the mode volume and
reducing the field density [34].
To embed the Kineticon qubit in a 3D resonant
readout cavity, we have designed and simulated a
100 GHz resonant cavity coupled to two waveguides
through evanescent couplers as shown in Fig.4.a.
The dimensions of the cavity was adjusted such that
the resonant frequency of the cavity-substrate system
is nearly 100 GHz. In this case the dimensions of the
cavity are; width = 1 mm, height = 2.54 and depth
= 1.4 mm. The Kineticon qubit is placed in the
middle of the cavity where the dipole moment of the
qubit is aligned with the TE101 mode and where the
electric field is maximum. The transmission response
of the cavity-qubit system is shown in Fig.4.c where
both qubit and cavity modes are visible.
In conclusion, we have investigated and simulated
the possibility of a W-band qubit resonator by taking
advantage of the non-linear kinetic inductance of a
nanowire as the anharmonic element. Increasing the
operating frequency and readout frequency of the
qubits relaxes the very low temperature requirement.
Higher frequency also means smaller cavity and
qubit dimensions, which helps with scaling up the
number of qubits for quantum computation.
The approach we suggest has a number of possible
problems with it: (1) the new materials we plan to use
might prove to induce new sources of noise and deco-
herence; (2) the high frequencies we plan to work at
may be challenging to synthesize and control in per-
forming qubit operations; and (3) the operation at
higher temperatures and frequencies may introduce
different kinds of noise and decoherence that have
not been previously observed. In addition, our calcu-
lations so far have been purely classical—a quantum
mechanical treatment is clearly in order. To resolve
these questions, additional work will be required.
The first step is to fabricate the Fabry-Perot res-
onator with the embedded nanowire to measure fre-
quency shifts and estimate the anharmonicity for dif-
ferent materials, such as NbN and TiN, and compare
them with the analytical expressions derived in this
work. In parallel we plan to fabricate the 3D cavities
mentioned here using micro-machining and test them
warm and cold. Next step will be to characterize the
cavity- qubit system at W-band frequencies.
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